Because the initial deposition pattern of inhaled particles of various toxic agents determines their future clearance and insult to tissue, respiratory tract deposition is important in assessing the potential toxicity of inhaled aerosols.
Introduction
Knowledge of the patterns of initial deposition of inhaled particles of various toxic agents, including radionuclides, within the respiratory tract is essential for determining future clearance and dose patterns, and, therefore, is important in assessing the potential toxicity associated with these particles. Many factors will influence the deposition of inhaled particles, among which the more important are: (1) the physics of aerosol particles, (2) the anatomy of the respiratory tract
Physics of Aerosol Particles
An aerosol can be defined as a system of solid or liquid particles which are (a) dispersed in a gaseous medium, (b) able to remain suspended in the gaseous medium for a long time relative to the time scale of interest, i.e., are relatively stable; and (c) have a high surface area to volume ratio. The geometrical diameters of aerosol particles normally fall within the range between 0.001 and 100 Mm. For a spherical particle, particle size is defined as the geometrical (real) diameter. For nonspherical particles, particle size may be defined as shown in Figure 1 , with the projected area diameter D. commonly used as the (equivalent) geometrical diameter. Two other important conventions for describing particle sizes are frequently used in aerosol science; namely, the Stokes' (equivalent) diameter and the aerodynamic (equivalent) diameter. These are de- Martin Figure 3 illustrates three main mechanisms which cause particle deposition in the lung. The first mechanism is called inertial impaction. Since particles have a finite mass, individual particles may not follow the curvature of the air streamlines, due to their inertia, and may impact (hit fined as follows: Stokes' diameter is that diameter of a sphere that has the same density and terminal settling velocity as the nonspherical particle in question; the aerodynamic (equivalent) diameter is the diameter of a unit density (one g/cm3) sphere that has the same terminal settling velocity as the subject particle.
Actually, particles come in a range of sizes, and an aerosol is described by a size distribution. Usually, such a distribution can be satisfactorily represented by a lognormal function and described by the geometric mean and geometric standard deviation. Figure 2 shows a lognormal distribution of particles with some of its PARTICLE DIAMETER (microns) and stick) on the wall of the airways. The second mechanism, sedimentation, is due to the gravitational force acting on a particle; it may settle and deposit on the lower surface of an airway. The third mechanism is called diffusion. When the particle size is small, random (Brownian) motion of a particle caused by the interaction of air molecules may cause it to move across the air streamlines and to deposit upon contact with the airway wall. There are some other mechanisms, such as interception and electrostatic charge associated with particles, which may be important in some cases. Interception is due to the physical size of the particle, making direct contact with the airway wall within the distance from the wall equal to particle radius. (2) where C is the Cunningham slip correction, Qp is particle density, rp is particle radius, + is the inclination angle of the tube, and IA is fluid viscosity; P,= 1 _ 2 cos-(,S ) + 1 sin2cos-1(IS ) (3) where St = CQpr52v/9AR and 0 is banding angle. Figure 4 shows how these three main mechanisms influence the deposition as a function of particle size and density for a given tube and flow velocity. Other physical or chemical properties of aerosols, which may influence the deposition, are the hygroscopic or hydrophobic character of the particle, gas-particle interactions, and chemical reactions which form a particle and cause its growth.
Anatomy of the Respiratory Tract
The lung is a very complex organ, and its exact anatomy has not been well-established. Because of the complexity of the lung structure, theoretical or experimental studies of particle deposition in a model lung have used some fairly simple lung models. For simplicity, the structure of the respiratory tract can be considered as a series of tubes connected together by successive branches from the trachea down to the respiratory bronchioles. The deposition equations (1)- (3) indicate that the key geometrical parameters of airway structure which relate to particle deposition are the airway segment lengths, diameters, inclinations to gravity, and branching angles. Unfortunately, existing lung models supply only part of (9) . Figure 5 shows two rat casts, one before and one after trimming. Before presenting some of our morphometric data, some terminology must be addressed. daughter segments. The major daughter has a larger diameter than the minor daughter by definition. The subscripts 1 and 2 are used to denote major and minor daughter segments, respectively. Early data are summarized in Table 2 and Figure 7 . These data were obtained from direct hand measurements on the casts, using a sevenpower hand-held magnifier-comparater; the idealized model of an airway branch (Fig. 6) , was used as a guide. Table 2 shows species differences in lung structure for various parameters. Not only is the lung structure asymmetric (01 # 02, D1 # D2, L1 ¢ L2), but also the human lung differs from the other three mammalian species, in that the human lung is more dichotomous whereas the other three species are monopodial with small branches branching out from larger branches. The dependence of branch angles and segment diameters on the diameter of the parent segment Environmental Health Perspectives is shown in Figure 7 . In man and dog, branch angles for both major and minor daughters increase as one progresses distally down the tracheobronchial tree. In the rat, O6 increases and 02 decreases with decreasing parent diameter. Table 3 shows the average number of divisions and average path lengths between the trachea and terminal bronchioles for various lung lobes in rat and hamster. These structural differences between lobes may explain the uneven deposition of particles in the lobes in the animal experiments which is discussed later.
Air Flow in the Lung Airways
Gas flow inside the tracheobronchial tree is a very complicated phenomenon. Assuming the breathing flow rate is 20 1./min for man at rest, the Reynolds' number (NR, = Qud/l, where Q is density of the air, u is mean velocity, d is tube diameter, and p is viscosity of the air) in various airway segments has been estimated (10) to range from 0.002 to 1670. From theoretical considerations, the flow should be laminar through- out the airways, because the Reynolds' number in each segment of the airway is less than the critical Reynolds' number of about 2300 for normal breathing.-But due to the influence of the larynx and bifurcations, the air flow in human lungs will be turbulent in some segments. West (11) observed gas flow in the upper bronchial tree in a hollow lung cast and reported that the flow is probably turbulent in the first few divisions. Martin and Jacobi (12) concluded from their study that no laminar air flow exists in the trachea and larger bronchi. Schroter and Sudlow (13) studied the flow patterns in models of the human bronchial airways and reported that secondary flow exists at bifurcations and that flow profiles were highly asymmetric about the center axis at all flow rates. From these findings, one may reasonably assume that the air flow is probably turbulent with secondary flow in larger airways and is laminar in small airways where Reynolds' numbers are small. Turbulent flow will enhance the deposition due to diffusion. Because of the complicated nature of the airflow inside the airways, no analytical equations have been obtained to express exact flow characteristics inside the lung. In predicting particle deposition, it is usually assumed that the flow is laminar. Under the assumption of laminar flow, the flow velocity in airways will affect the deposition efficiency such that increasing flow velocity, increases deposition due to impaction while decreasing deposition due to diffusion and sedimentation. Breathing volume and frequency will determine the mean flow velocity in each airway segment; therefore, the breathing pattern is a key physiological factor in influencing the deposition of inhaled particles. The effect of breathing pattern is illustrated in Figure 8 . This figure is based on the International Commission for Radiological Protection (ICRP) lung model (14) for tidal volumes of 750 and 2150 ml at 15 breaths/min.
Regional Deposition
The term, total deposition, is defined as the ratio of the number or mass of particles deposited in the respiratory tract to the number or mass of particles inhaled. Alveolar (14) . The Task Group defined three functional compartments for the respiratory tract: (1) the nasopharynx (NP) from the anterior nares to the level of the larynx or epiglottis, (2) the tracheobronchial region (TB) from the trachea down to the terminal bronchioles and included all ciliated bronchioles, and (3) the pulmonary region (P) or parenchyma of the lung including respiratory bronchioles, alveolar ducts and alveoli. The Task Group used the empirical equation of Pattle (15) With the calculated deposition fractions for particle sizes at 15 respirations/min and 1450 ml-min volume, the predicted deposition of various lognormally distributed aerosols was also calculated. It was discovered that lognormal aerosols with the same mass median aerodynamic diameter had very similar predicted deposition mass fractions in the three functional compartments of the respiratory tract. The average value of the calculated deposition for various lognormally distributed aerosols from the Task Group report is shown in Figure 8 as deposition fraction versus aerosol mass median aerodynamic diameter for two different minute volumes.
Figures 9 and 10 show the human deposition data summarized by Lippmann (17) . Also included are curves for mouth breathing calculated Aerodynomk Dintr-pm FIGURE 9. Summary of human depositior breathing). Adapted from Lippmann (17) wi the publisher. Lippmann (17) with permission of the publisher.
upon the regional deposition predicted by the Task Group on Lung Dynamics of the ICRP (14) . The total respiratory tract deposition with mouth breathing is shown in Figure 9 . Considerable variation exists among the subjects and within each subject. Nevertheless, the data indicate a minimum of deposition at about 0.5 tm aerodynamic diameter. Figure 10 shows alveolar deposition data of Altshuler et al. (28) and Lippmann et al. (29) as a function of particle size. The decrease in particle deposition for larger particles does not mean low deposition efficiency in the pulmonary region, but rather that only a fraction of the larger particles reach the pulmonary region because they deposit in the upper airways.
There is a maximum pulmonary deposition at about 3 inm for mouth breathing. Also, the ICRP curve predicts higher pulmonary deposition.
, I . Figure 11 shows the pulmonary deposition of radiolabeled polydisperse aerosols inhaled by the Beagle dog (30) . Dashed lines indicate the estimated boundaries of the data. The solid line repn data (mouth resents the pulmonary deposition in man accordith permission of ing to the ICRP Task Group (14) .
Some results from small rodent inhalation spread) among various lobes for smaller particle sizes (except in the case of < 0.2 ;An in the hamster), whereas the variation among lobes was larger for larger particle sizes. These phenomena may be partially explained by the variations in the structure of various lobes. As shown in Table  3 , the right apical lobe has the smallest number of divisions and shortest path length between the trachea and the terminal bronchioles. This may correlate to the high concentration of deposited particles in this lobe. For decreasing particle size, the particles may reach various lobes more evenly irrespective of the distance. This could explain the reduced spread in relative concentration in these data.
Summary
The initial deposition pattern of inhaled aerosols of radioactive or other toxic materials in man is a major determinant of particle clearance from the respiratory tract, the dose pattern to tissue and resultant biological effect; therefore, it is important in assessing the potential toxicity associated with them. Inhalation deposition of aerosols in the respiratory tract is primarily controlled by: (1) the physics and chemistry of aerosol particles which include the forces acting on inhaled particles and the physical and chemical properties which affect deposition; (2) the anatomy of the respiratory tract which includes such parameters as airway diameters, lengths, and branching angles; and (3) the respiratory physiology which includes air flow in the lung airways and pattern of breathing. Various lung models used to predict particle deposition were reviewed. Also, comparisons of the airway structure of various experimental animals and man were made, showing species differences and lobar difference. Data on the regional deposition of inhaled particles in man, dog, and small rodents were reviewed.
